Résumé : Les divers accessoires du microscope à balayage qui permettent de réaliser des analyses en cathodoluminescence de semiconducteurs sont décrits. De brèves notions de spectroscopie sont rappelées. Les contrastes de dislocations sont classés en "usuels" (point noir, point noir et halo brillant) et "non usuels" (absence de contraste, contraste monochromatique brillant). Des exemples d'application récents sont donnés.
I -INTRODUCTION
Cathodoluminesce (CL) is an analytical tool of the scanning electron microscope (SEM) and of the scanning transmission electron microscope (STEM). The minority carrier lifetime, energy gap and other fundamental properties of semiconductors can be determined by use of this method with a spatial resolution of the order of 1 ym. In addition, crystal defects (precipitates, grain boundaries, dislocations) can be detected in the CL-mode. Now, it has been well established that in semiconductors, defects such as dislocations are harmful to the functioning of electronic and optical devices. Therefore, it can be easily understood why CL, which is non destructive, is such an attractive method of characterization. It has been widely developed in the last few years. In this review, some information concerning the different instrumental systems used for CL examination will be given, with the emphasis on the possibilities and performances of these systems. Then, the main recombination mechanisms will be presented. From the general theory of CL, an attempt will be made to draw some quantitative conclusions which will be useful in the last part, devoted to the CL studies of dislocations in semiconductors.
II -EXPERIMENTAL TECHNIQUE
The experimental technique has already been reviewed by Pfefferkorn et al [l] and Holt [2] . Only the main points of interest will be resumed below.
The first problem is detecting the light emitted by the specimen under electron bombardment. In figure 1, the energy band gaps Eg of the main covalent, III-V and II-VI semiconductors, and their corresponding wavelengths are presented together. Indirect band gap materials are indexed with the subscript (1) For a few ternary compounds the band gap energy has been plotted as a function of the composition. The range of spectral response of detectors is indicated. Photomultipl iers,, with high gains and low noise amplification characteristics are best suited for wavelenghts up to 1.2 vim. Beyond this limit, photovoltatc detectors must be used with all the inherent drawbacks to these detectors (noise, low amplification). However, the study of the luminescent emission at these wavelengths are of the greatest interest. They correspond to either band to band recombination for narrow-gap semiconductors (IR Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983433 
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A p m ) < : : I n order t o achieve the higest possible s e n s i t i v i t y 1 i g h t c o l l e c t i o n may be improved by e i t h e r the f i t t i n g o f an ellipsoCdal m i r r o r which focuses the l i g h t on the detectors o r by working i n the transmission configuration (TCL) [4]. I n the l a s t experimental set-up, the CL generated a t the surface i s transmitted through the sample (% 300 um i n thickness) and detected by a detector s i t u a t e d j u s t below the specimen. High c o l l e c t i o n e f f i c i e n c y i s achieved by the small distance between the CL source and the detector.
Generally, g r a t i n g monochromators have been used f o r spectral CL measurements and f o r monochromatic imaging [5] , sometimes a t wavelengths up t o 3 urn (63 .The wavelength r e s o l u t i o n i s o f the order o f 1 nm. The spectrum can also be recorded simultaneously f o r a l l wavelengths (analogous t o EDS i n X-ray analysis) throu h t h e use o f an o p t i c a l multichannel analyser (OM*) described b L l h n e r t e t a1 f7]. Instead o f a monochromator, an interferometer can be used [d. The Fourier transform o f the i n t e r ferogram gives t h e o p t i c a l spectrum. This method g r e a t l y improves t h e detection s e n s i t i v i t y e s p e c i a l l y i n the I R region where the detector noise i s the main l i m i t a t i o n .
The beam blanking technique used i n conjunction w i t h a l o c k -i n a m p l t f i e r tmproves the signal t o noise r a t i o and the image c o n t r a s t [9]. Tn a d d t t i o n i t permits the m i n o r i t y c a r r i e r l i f e t i m e measurements. Depending upon the d i f f e r e n t systems adopted, . Some dedicated STEMS are a1 so provided w i t h CL detection [14] which allows CL imaging w i t h a spatial resolution i n theorder of 100 nm with thin specimens.
-SPECTROSCOPY
The CL emission i s usually devided into i n t r i n s i c and extrinsic effects. Intrinsic effects are related to the semiconductor i t s e l f and include band to bandrecombination andfree exciton recombination. These transitions are not e f f i c i e n t i n indirect gap semiconductors as they require the contribution of a phonon to conservemomentum.
For band to band recombination, the wavelength i s such that hv = Eg and f o r f r e e exciton recombination (EX) we have hv = Eg-Eex Eex i s the exciton binding energy. In a hydrogenic model, Eex can be expressed as s i s the dielectric constant, m :
and m: the electron and hole effective mass respectively. Extrinsic effects are relative to the defects, present i n the semiconductor which produce localized s t a t e s i n the forbidden band gap. They include band-level recombinations, pair transitions and bound exciton recombinations. In the f i r s t case, the photon energy of an electron-acceptor level (eAO) or a donor level-hole (Doh) recombination is given by
where Ea (Ed) i s the acceptor (donor) binding energy, the thermal energy of free particules being neglected. Pair transition (DOAO) between an electron trapped on a donor and a hole on an acceptor gives a photon of energy :
r is the donor-acceptor distance. The l a s t term represents the coulombien energy. In the case of a bound exciton which i s generally localized by neutral species, the photon energy is
Eb i s the exciton-impurity binding energy. For instance, i n the case of a bound exciton on a neutral acceptor (AOX), the corresponding recombination lines are f i r s t l y A (y i s the chemical symbol of the acceptor) which i s the most intense,where the a 1 ceptor i s i n i t s fundamental s t a t e (Els) and secondly AX (n * 1 ) where a part of the recombination energy i s given to
t h e h o l e , l e a v i n g t h e acceptor i n an e x c i t e d s t a t e (EQs, two h o l e t r a n s i t i o n ) . A1 1 t h e s e 1 ines can have phonon r e p l i c a s . The i n t e n s i t y o f t h e n t h phonon r e p l i c a I n i s g i v e n by
N I n = I. - n !
I. i s t h e z e r o t h phonon l i n e i n t e n s i t y and N t h e number o f e m i t t e d p h o n o n s . N r e f l e c t s t h e c o u p l i n g o f t h e d e f e c t w i t h t h e l a t t i c e .

Recombination can occur a t p o i n t d e f e c t s such as vacancies, i n t e r s t i t i a l s a n d / o r i m p u r i t y complexes. Sometimes, t h i s i n t e r p r e t a t i o n can be m i s l e a d i n g : i n t h e c a s e o f ZnTe, two acceptor l e v e l s were a t t r i b u t e d t o t h e Zn vacancy.Later on,by use o f CL and PL techniques i t was demonstrated t h a t t h e s e l e v e l s were i n f a c t r e l a t e d t o t h e presence o f i m p u r i t i e s such as Cu and L i 1211 [ 2 2 ] .
Not a l l t r a n s i t i o n s a r e r a d i a t i v e ; non r a d i a t i v e recombination can o c c u r by t h e A u g e r mechanism which t r a n s f e r s t h e recombination energy t o an e l e c t r o n o r a h o l e . As t h e l e v e l becomes deeper i n t h e band gap t h e phonon c o u p l i n g increases. Multiphonon recombination becomes more and more e f f i c i e n t and t h e r e f o r e l e s s and l e s s e f f e c t i v e f o r r a d i a t i v e recombinations [23] [ 2 4 ] . An example o f a deep l e v e l r a d i a t i v e t r a n s it i o n observed by photo1 uminescence i s g i v e n by Mircea-Roussel and Makram-Ebeid [25] concerning t h e mid-gap EL2 l e v e l i n Ga As.
The band t o band peak energy dependence on temperature must be t h e same as f o r t h e band gap, t h a t i s , f o r most semiconductors i t must i n c r e a s e w i t h decreasing temperature. Conversely, t h i s e f f e c t can be used t o measure t h e temperature o f t h e specimen under t h e impact o f t h e beam. Gatos e t a1 1261 used t h i s e f f e c t t o measure t h e temperature i n c r e a s e when t h e beam c u r r e n t was v a r i e d f r o m 350 t o 1150 nA on an InP specimen. An energy s h i f t o f 12 meV i n t h e band t o band l i n e was n o t i c e d , corresponding t o a temperature increase o f approximately 40°C. I n t h e same way, Davidson e t a1 [27] were a b l e t o measure l o c a l l y t h e w o r k i n g temperature o f a Gunn d i o d e .
As long as t h e i n j e c t i o n l e v e l i s k e p t low,the peak h e i g h t s e x h i b i t a 1 i n e a r r e l a t i o ns h i p w i t h t h e beam c u r r e n t . The most s p e c t a c u l a r temperature e f f e c t i s t o induce l a r g e v a r i a t i o n s i n t h e r e l a t i v e peak h e i g h t and band broadening as t h e temperature i n c r e a s e s . Only a t low temperature can an a c c u r a t e assessement o f t h e o r i g i n s o f t h e l e v e l s i n v o l v e d i n t h e recombinat i o n s be attempted. R e c e n t l y , Chamonal e t a l [28] showed t h a t PL (4°K) and CL (15°K) s p e c t r a o f Cd Te doped by l i t h i u m d i f f u s i o n a r e comparable. Due t o i t s h i g h e r s p a t i a l r e s o l u t i o n , t h e CL technique was a b l e t o demonstrate t h a t a p a r t o f L i d i f f u s i o n occurred by a g r a i n boundary mechanism.
The e f f e c t o f t h e dopant c o n c e n t r a t i o n on CL e f f i c i e n c y can be v e r y i m p o r t a n t . Cusano [29] measured t h e CL band edge e f f i c i e n c y i n Ga As as a f u n c t i o n o f t h e dopin c o n c e n t r a t i o n . I n t h e case o f Te doping, t h e CL e f f i c i e n c y r i s e s by more t h a n 3 o r d e r s o f magnitude between 1016 and 1018 donors cm-3 and t h e n decreases by two o r d e r s o f magnitude t o 1 0~9 . c m -3 . The maximum i s reached a t a c o n c e n t r a t i o n where t h e semiconductor i s degenerate and b e f o r e p r e c i p i t a t i o n o c c u r s . S i m i l a r e f f e c t s were sh wn i n Ga Sb : T e [30] . W i t t r y was a b l e t o c o r r e l a t e t h e CL e f f i c i e n c y w i t h t h e l o c a l v a r i a t i o n o f Te c o n c e n t r a t i o n i n Ga As by e l e c t r o n probe m i c r o -a n a l y s i s (EPMA) [ 3 1 ] . When t h e CL s i g n a l v a r i a t i o n was v e r y i m p o r t a n t , t h e corresponding EPMA s i g n a l v a r i a t i o n was a t t h e s e n s i t i v i t y l i m i t o f t h e method. I n t h e case o f t e r n a r y a l l o y s , t h e energy p o s i t i o n o f t h e band t o band peak gives an approximate v a l u e o f t h e c o n c e n t r a t i o n . I n some cases, t h e v a r i a t i o n o f t h e i n t e n s i t y i s more s e n s i t i v e . I n Gax A l l -, As, a v a r i a t i o n i n x induces a v a r i a t i o n i n CL i n t e n s i t y as Ga As i s a d i r e c t band gap semiconductor (CL e f f i c i e n t ) and A1 As i s an i n d i r e c t band gap semiconductor. T h i s e f f e c t has been used by L e v i n and Ladany [32] t o reveal composition inhomogeneities i n a Ga A1 As f i l m deposited on Ga As.
I V -DISLOCATION STUDIES 1 I n t r o d u c t i o n CL d i s l o c a t i o n contrast w i l l be a r b i t r a r i l y devided i n t o "usual" and "unusual" constrasts."Usual contrast" r e f e r s t o the CL contrast which i s most frequently encountered i n semiconductors : the p o i n t o f emergence o f a d i s l o c a t i o n almost perpendicular t o the surface appears e i t h e r as a "black dot" o f a few micron i n diameter o r as a "dot and halo" which consists of a black dot surrounded by a region (4 20um) o f CL i n t e n s i t y greater than the bulk one. "Unusual" contrast r e f e r s t o dislocations e x h i b i t i n g e i t h e r a white contrast o r no contrast a t a l l .
Most o f the time, the dislocations observed i n the CL-mode have n o t beencharacterized by other methods. Nevertheless, c o r r e l a t i o n s have been made w i t h chemical etching Some applications o f the CL dislocations observation w i l l begiven, including p l a s t i c deformation, i n t e r f a c e defects; o p t i c a l devices degradation and semi-insulating Ga AS. CL and EBIC studies o f dislocations i n semiconductors havebeen reviewed by Booker [37] . Below some aspects o f t h i s paper w i l l be resumed and some new r e s u l t s presented. 2 "Usual contrasts"
The CL i n t e n s i t y IB generated i n a bulk material by a r a d i a t i v e recombination mechanism can be expressed as : Gib I B = 7.PLr 
T, i s the r a d i a t i v e recombination l i f e t i m e and T the e f f e c t i v e l i f e t i m e f o r r a d i a t i v e and non r a d i a t i v e recombination. I f T n r i s the non-radiative l i f e t i m e , then I n a dislocation, i f we assume t h a t a new non-radiative mechanism operates w i t h a l i f e t i m e TD, then the CL i n t e n s i t y generated a t the d i s l o c a t i o n w i l l be :
can be expressed i n terms o f l i f e t i m e s . By s u b s t i t u t i n g (2) and (4) i n t o (6) we have:
C can a l s o be expressed as a functfon o f t h e measured l i f e t i m e s f n t h e b u l k (T) and a t t h e d i s l o c a t i o n (7') :
Formulae (7) and (8) must be considered as very approximate since many f a c t o r s have been neglected. P a r t i c u l a r l y , i t has been assumed t h a t the recombination centres are not saturated(thereby assuming l i n e a r r e l a t i o n s h i p between i n j e c t i o n and CL genera* 
The contrast i s usually i n s e n s i t i v e t o the wavelength a t which i t has been measured: the shape o f the spectrum i s unchanged when approaching t h e d i s l o c a t i o n apart from a s l i g h t v a r i a t i o n which was reported by Davidson and D i m i t r i a d i s [41] a t 720 nm i n Gap. I n InP too, no emission l i n e s p e c i f i c t o the presence o f dislocations was found by Bohm and Fisher [43]
by spacial l y resolved photoluminesce. 
Rasul and Davidson 1391 noticed t h a t i n the case o f low nitrogen doped Gap samples, the d i s l o c a t i o n contrast remained the same as t h e temperature was varied. I n t h i s specimen, T , was much greater than
The d i s l o c a t i o n contrast o n l y depends on the r e l a t i v e non-radiative l i f e t i m e s a t the d i s l o c a t i o n and i n the bulk. I f C i s constant, i t means t h a t the temperature dependence o f Tnr and T r are the same. Although a s p e c i f i c non r a d i a t i v e mechanism a t dislocations cannot be r u l e d out, t h i s s t r o n g l y suggests t h a t the non r a d i a t i v e mechanism a t the d i s l o c a t i o n and i n the b u l k i s the same. This experiment supports a non r a d i a t i v e mechanism a t p o i n t defects which i s enhanced i n the v i c i n i t y o f t h e d i s l o c a t i o n .
Titmarsh and Booker 1441 c a r r i e d o u t a study o f the d i s l o c a t i o n contrasts as a funct i o n o f t h e i r Burgers
The i n t e r e s t i n g p o i n t i s that, i n many cases, t h e contrasts were not associated w i t h a s i n g l e d i s l o c a t i o n b u t w i t h many dislocations and f o r p r e c i p i t a t i o n d i s l o c a t i o n
loops. This study c l e a r l y shows t h a t care must be taken before i n t e r p r e t a t i o n o f CL contrasts. P a r a l l e l o r simultaneous TEM observations are h i g h l y desira6le.
"Unusual contrasts"
The f i r s t "unusual contrast" w i l l be i l l u s t r a t e d by the work o f P e t r o f f and a1 [481 [49] c a r r i e d out i n a STEM allowing d i r e c t comparison between TEM and CL images. On a (001) Ga As substrate a hetero-epitaxial s t r u c t u r e Ga A1 ASP 1 Ga As/Ga A1 As was grown by l i q u i d phase epitaxy (LPE). A f t e r removing the Ga As substrate themismatch dislocations contained i n the three l a y e r specimen (1.5 vm i n thickness) were observed. They consisted o f a cross-hatched network o f mainly 60" dislocat. 
The "unusual contrast" r e f e r s t o Lomer dislocations which do n o t e x h i b i t any CL contrast. 60" dislocations a r e known t o be dissociated whereas Lomer dislocations are presumably undissociated and have no dangling bords. Therefore, i t i s thought t h a t t h e p e c u l i a r core s t r u c t u r e o f Lomer dislocations should play a r o l e i n t h e i r n e u t r a l behaviour toward CL.
The second type o f "unusual contrast" r e f e r s t o a d i s l o c a t i o n w i t h CL enhancement a t a p a r t i c u l a r wavelength. From EL, some evidence o f d i s l o c a t i o n emission a t 0.5 eV i n p l a s t i c a l l y deformed germanium was i v e n by Ivanov [50] and Barth and a1 [51 c a r r i e d out a t 4'K, Drozdov and a1 7521 showed t h a t recombination r a d i a t i o n were associated w i t h the presence o f dislocations i n s i l i c o n . Two strong l i n e s (0.812 and 0.875 eV) and two weak l i n e s (0.934 and 1.00 eV) were revealed. P e t r o f f [53 c a r r i e d o u t CL observations on a molecular beam epitaxy (MBE) double heterostruc l ure (Ga A1 As/Ga As/Ga A1 As) specimen. A t E = 1.512 eV (DOX l i n e ) , the dislocations e x h i b i t a "usual" dark contrast. However, a t E = 1.504 eV which correspond t o an as y e t u n i d e n t i f i e d bound exciton c h a r a c t e r i s t i c o f MBE material, only the dislocations which had o r i g i n a t e d i n the Ga As substrate changed t o gfve a white contrast. Therefore, i t was so thought t h a t the unknown centre (impurity o r p o i n t defect) c l u s t e r s around the dislocations thus g i v i n g r i s e t o t h e white contrast observed. 
V -APPLICATIONS 1 P l a s t i c deformation
Davidson e t a1 [58] c a r r i e d o u t p l a s t i c deformation on a Gap specimen at700°C using a four-point bending apparatus. A cross-hatched p a t t e r n was revealed on a (110) face by CL examination. The angle between the two sets o f l i n e s was 70" and t h i s was i nterpreted as the t r a c e o f the {Ill) s l i p planes. Individual dislocations w i t h black dot c o n t r a s t could be seen a t the ends o f the sample where the deformation was moderate.
Esquivel e t a1 [59] [60 introduced e i t h e r a o r p dislocations i n n-Ga As bent crys- These r e s u l t s were i n t e r p r e t e d i n terms o f the recombination enhanced defect motion (RDEM) mechanism. The reduction i n a c t i v a t i o n energy (0.7 eV and 1.1 eV f o r a and 6 dislocations respectively), was r e l a t e d t o the energy released by nonradiative recomb i n a t i o n o f excess c a r r i e r s a t dislocations. they deduced the compositional p r o f i l e (and thus the compositional gradient) and from the i n t e n s i t y v a r i a t i o n s they deduced a non r a d i a t i v e centre concentration ( s d i s l oc a t i o n density). These two q u a n t i t i e s can be compared as a f u n c t i o n o f the shape of the gradient f o r d i f f e r e n t specimens. S c h i l l e r [64] has c a r r i e d out the same k i n d o f assessment o f Gal ,, In, As/Ga As graded layers.
Umanskii e t a1 1651 determined the c r i t i c a l value f o r 9 (a : l a t t i c e parameter) i n the Gal-,In, As/Gao.tj A10.5 As system f o r which the deformation changes from e l a s t i c t o i n e l a s t i c . They found a value o f 0.08 %. "Rake l i n e defects" i n the a c t i v e l a y e r o f Ga A1 As double heterostructure lasers have been v i z u a l i s e d by Gaw and Reynolds i n the transmission configuration [66].
3 LED and l a s e r degradation TCL studies o f the degradation o f l i g h t -e m i t t i n g devices were undertaken by Chin e t a1 who have presented a review on the subject 1671. The degradation o f homojunction graded band-gap Ga A1 As : S i was studied i n the transmission configuration r68j.
Dark l i n e defects (DLDs) are observed t o o r i g i n a t e a t the substrate back surface and t o extend towards the junction. Only a t t h i s stage were the DLDs observed i n the electroluminescence image.
I n agreement w i t h previous work, i t was confirmed by CL that, i n Ga A1 As double heterostructure LEDs, DLDs o r i g i n a t e a t pre-existing dislocations . Simflar observations were made by L e b a i l l y e t a1 [70] on Ga A1 As ectroluminescent diodes. Therefore, Ct can be used as a nondestructive technique t o s e l e c t materials t h a t w i l l produce devices w i t h long l i f e t i m e s .
Semi-insulating Ga As
The c e l l s t r u c t u r e o f SI-Ga As ingots was revealed by Chin e t a1 [71] . The dislocat i o n observed i n the dark spot contrast, delineated l a r g e regions (> 10Pum) free from dislocations. The 1 uminescence e f f i c i e n c y i m e d i a t l y around the dislocations (0 * 5 um) was found t o be low, t o increase over a 50 um wide r e i o n and then t o decrease again i n the d i s l o c a t i o n f r e e region. Kamei jima e t a1 T721 were able t o c o r r e l a t e the CL contrast o f t h e c e l l s t r u c t u r e w i t h i m p u r i t y segregation (Si ,O,Cr) a t the dislocations by use o f t h e SIMS technique.
V I -CONCLUSION
The CL technique has undergone a r a p i d development i n these l a s t few years. Sophisticated experimental set-up have been realized, allowing contrast evaluation on monochromatic images, accurate l i f e t i m e measurements and examination a t low temperatures. Further improvements are required i n the long wavelength area (> 1.2 um) t o enable studies o f narrow-gap semiconductors and t r a n s i t i o n s i nvol v i ng mid-gap 1 eve1 s.
I n most cases the presence o f i m p u r i t i e s and/or p o i n t defects associated w i t h d i s l ocations can be suspected to. explai n t h e contrast behaviour o f dislocations .There i s s t i l l a need for fundamental experiments on "clean" dislocations c o r r e l a t e d w i t h a careful characterization i n c l u d i n g Burgers vector determination and study o f TEM core struct u r e (weak-beam, high r e s o l u t i o n ) .
F i n a l l y , CL has proved t o be a valuable non-destructive method i n i n v e s t i g a t i n g the d i s l o c a t i o n d i s t r i b u t i o n and i m p u r i t y inhomogenei t i e s i n semiconductors. However, the t h e o r i t i c a l 1 ifetime approach f o r d i s l o c a t i o n contrast i s n o t s a t i s f a c t o r y i n many
instances as too many points are neglected, and a comprehensive CL theory i s s t i l l required.
